Tumor cells increase the use of anabolic pathways to satisfy the metabolic requirements associated with a high growth rate. Transformed cells take up and metabolize nutrients such as glucose and glutamine at high levels that support anabolic growth. Oncogenic signaling through the PI3K/Akt and Myc pathways directly control glucose and glutamine uptake, respectively. In order to achieve elevated rates of nucleotide biosynthesis, neoplastic cells must divert carbon from PI3K/Akt-induced glycolytic flux into the non-oxidative branch of the pentose phosphate pathway to generate ribose 5-phosphate. This redirection of glucose catabolism appears to be regulated by cytoplasmic tyrosine kinases. Myc-induced glutamine metabolism also increases the abundance and activity of different rate-limiting enzymes that produce the molecular precursors required for de novo nucleotide synthesis. In this review, we will focus on recent progress in understanding of how glucose and glutamine metabolism is redirected by oncogenes in order to support de novo nucleotide biosynthesis during proliferation and how metabolic reprogramming can be potentially exploited in the development of new cancer therapies.
Introduction
Cancer is a disease with complex metabolic perturbations. Unlike normal cells which depend primarily on oxidative phosphorylation for ATP production, tumor cells rely preferentially on glycolysis for their energy needs even when oxygen is available [1] . The phenomenon of aerobic glycolysis, also known as the Warburg effect, is a common property of many types of cancer and the basis of the widespread clinical application of fluorodeoxyglucose positronemission tomography (FdG PET) for identifying primary and metastatic tumors [2] . Concomitant with the metabolic switch from mitochondrial respiration to aerobic glycolysis is high lactate secretion from tumor cells, which can result in acid-mediated matrix degradation, invasiveness and metastasis [3] . The high rate of metabolism of glucose has been shown to lead to reprogramming of mitochondrial metabolism to support glucose-dependent phospholipid synthesis and to stimulate activity of TOR to redirect amino acid metabolism, stimulating tRNA charging and increasing protein synthesis [4, 5] .
It is also increasingly appreciated that transformed cells consume large amounts of glutamine which can also be used to support anabolic synthesis [6, 7] . Glutamine metabolism provides cells with NADPH as well as a carbon source for production of non-essential amino acid and lipids [6] . Surprisingly, recent evidence suggests that the oncogenic activation of the PI3K/Akt and Myc pathways can directly affect cellular metabolism through effects on glucose and glutamine uptake and catabolism ( Figure 1 ) [7] [8] [9] . Activation of the PI3K/Akt pathway induces neoplastic cells to take up excessive glucose and depend on high rate of aerobic glycolysis for continued growth and survival [8, 10] . In these glucose addicted cancer cells, the high rate of glycolysis supports glucose-dependent lipid synthesis and non-essential amino acid production [11, 12] . Overexpression of Myc induces transformed cells to take up glutamine in excess of their bioenergetic needs and increase the glutaminase flux [7, 9] . Myc-transformed cells rely on glutamine anapleurosis to maintain the normal TCA cycle function and become addicted to glutamine, despite the availability of glucose [9] .
In order to divide and create two daughter cells, tumor cells must also utilize biosynthetic precursors derived from glycolytic and TCA cycle intermediates for nucleotide biosynthesis. For instance, carbon diverted from the glycolytic flux to the pentose phosphate pathway is utilized to generate ribose 5-phosphate for de novo nucleotide biosynthesis (Figure 1 ) [4] . The maximal proliferative capacity of a cell is limited by the abundance of its nucleotide pool as well as the level and activity of different rate-limiting enzymes of the nucleotide synthetic pathway. Tumor cells show an altered nucleotide metabolism compared with normal cells, as manifested by the larger size of the nucleotide pool, higher activity of the nucleotide anabolic pathway as well as lower activity of the nucleotide catabolic pathway [13] . Identification of the mechanism by which transformed cells achieve higher levels of nucleotide biosynthesis may offer possibilities for the design of selective therapies for human malignancy.
Many tumor cells generate ribose 5-phosphate through the non-oxidative arm of the pentose phosphate pathway for de novo nucleotide biosynthesis Ribose 5-phosphate, the sugar component of nucleic acids, can be synthesized from glucose-6-phosphate by the oxidative branch of the pentose phosphate pathway (PPP) as well as from fructose-6-phosphate and glyceraldehyde-3-phosphate by the non-oxidative branch of the PPP (Figure 1 ). The oxidative branch of the PPP is catalyzed by glucose 6-phosphate dehydrogenase (G6PD) and 6-phosphate-gluconate dehydrogenase while the nonoxidative branch of the PPP is catalyzed by transketolase (TKT) and transaldolase. The oxidative PPP also generates NADPH which serves as the hydrogen donor in cellular reductive biosynthetic reactions and transforms glutathione to the reduced form to promote the scavenging of reactive oxygen species (ROS) [14] .
In contrast to nontransformed cells which produce most of the ribose 5-phosphate for nucleotide biosynthesis through the oxidative arm of the PPP, the non-oxidative branch of PPP has been suggested to be the main source for ribose 5-phosphate synthesis in tumor cells [15] [16] [17] [18] . Increased TKT and transaldolase activity has been observed in tumor cells [19, 20] . Among the three members of the TKT gene family (TKT, TKTL1 and TKTL2), TKTL1 has been reported to be overexpressed in metastatic tumors and specific inhibition of TKTL1 mRNA is able to inhibit cell proliferation in several types of cancer cells [18, [20] [21] [22] .
All reactions in the non-oxidative branch of the PPP are reversible, which means that the relative level of the metabolic substrate and product determines the direction of the nonoxidative reactions of the PPP (Figure 1 ) [23] . Therefore, in order to direct glycolytic metabolites into PPP through the non-oxidative branch, tumor cells need to maintain high levels of fructose 6-phosphate and/or glyceraldehyde 3-phosphate. F1,6BP is the product of the phosphofructokinase-1 (PFK-1) reaction, the most important control point in glycolysis. Most tumors produce high levels of fructose 1,6-bisphosphate (F1,6BP) which breaks down into glyceraldehyde 3-phosphate by aldolase [24] . PFK-1 activity is significantly increased in cancer cell lines and primary tumor tissues [25, 26] . Several oncoproteins including Myc and Ras have been demonstrated to activate PFK-1 in immortalized cells [27] [28] [29] .
Besides PFK-1, another rate-limiting enzyme in glycolysis, pyruvate kinase M2 (PK-M2) also contributes to directing the carbon flux from glycolysis into PPP for biosynthetic pathways. Among the four isoenzymes of pyruvate kinase (type L, R, M1 and M2), PK-M2 is predominant in cells and tissues with high proliferative capacity such as tumor cells [24] . The M1 and M2 isoforms are encoded by the same gene and differ only in a 56-amino-acid region as a result of alternative splicing. These amino acid differences account for the specific allosteric activation of PK-M2 but not PK-M1 by F1,6BP [30] . Growth factor-dependent phosphotyrosine signaling inhibits PK-M2 activity by releasing F1,6BP from binding to PKM2 thus directs glycolysis intermediates towards biosynthetic pathways (Figure 1 ) [31, 32] . In order to maintain high proliferation rate, this tyrosine kinase-dependent modulation of PK-M2 can upregulate the activity of the non-oxidative PPP pathway and assure a sufficient supply of glycolysis metabolites for nucleotide biosynthesis.
In addition to ribose 5-phosphate, serine synthesized from the glycolytic intermediate 3-phosphoglycerate is converted to glycine which is an important precursor for purine biosynthesis ( Figure 1) . As a consequence of its conversion to glycine, serine is also the donor of folate-linked one-carbon units which are required for nucleotide biosynthesis [33] . The activity of this serine and glycine biosynthetic pathway has been reported to be significantly upregulated in several tumor types [34] .
HIF-1α increases the carbon flux into PPP via the non-oxidative arm
Another key regulator of tumor cell metabolism is the hypoxia-inducible factor 1 (HIF-1). Tumor cells select for increased HIF-1 activity through multiple pathways including increased HIF-1α transcription, translation, or protein stabilization. As a result, HIF-1α has been frequently found to be highly expressed in human cancers and HIF-1α stabilization induces the expression of a set of genes involved in glucose metabolism [35, 36] . One important adaptation of HIF-1-mediated transcriptional regulation is the induction of anaerobic glycolysis, as well as suppression of mitochondrial pyruvate catabolism and oxygen consumption [37] [38] [39] [40] [41] . As a consequence of HIF-1 stimulation of glycolysis cancer cells exhibit reduced glucose flux through the oxidative arm of the PPP [42] [43] [44] .
Our lab has recently reported that the non-hypoxic induction of HIF-1α regulates growth factorstimulated glucose metabolism and allows cells to avoid producing harmful levels of mitochondrial ROS by secreting excess glycolytic pyruvate as lactate. This HIF-1α-dependent reprogramming of glucose metabolism promotes cell viability [41] . One mechanism by which HIF-1α suppresses ROS production is by reducing glucose flux through the TCA cycle [39] . In addition to stimulating anaerobic glycolysis, HIF-1α induces the expression of TKT and PK-M2. These effects appear to compensate for the suppression of the oxidative PPP by directly increasing glucose flux through the non-oxidative arm of the PPP to maintain ribose 5-phosphate synthesis (Zhao and Thompson, unpublished data).
Recent findings demonstrate that HIF-1 also activates the glycolytic regulatory bifunctional enzymes 6-phospho-2-kinase/fructose2, 6-biphosphatase (PFKFB) [37, 38] . Among the four members of PFKFB, PFKFB3 is required for maintaining cellular level of phosphoribosyl pyrophosphate (PRPP) and de-novo nucleic acid synthesis in tumor cells because activation of PFKFB3 regulates the cellular level of F2,6BP, an allosteric activator of the glycolytic rateliming enzyme PFK-1, which directs the carbon flow from glycolysis into PPP via the nonoxidative branch [45] . These findings suggest that inhibitors of the non-oxidative PPP may selectively inhibit nucleotide biosynthesis in tumors exhibiting constitutive HIF-1α activation.
The role of Myc in regulating nucleotide metabolism in tumor cells
The oncoprotein Myc is involved in regulating multiple growth-related processes [46] [47] [48] [49] . Gene expression analysis has recently connected Myc with purine and pyrimidine synthesis and enzymes that direct glutamine uptake and catabolism [9, 50, 51] . Several genes encoding key enzymes in nucleotide biosynthesis including thymidylate synthase (TS), inosine monophosphate dehydrogenase 1 and 2 (IMPDH1 and 2) and phosphoribosyl pyrophosphate synthetase 2 (PRPS2), have been demonstrated to be direct Myc targets [50, 51] . Myc-induced glutamine catabolism in addition provides the cell with an abundant supply of aspartate and amine groups with which to support nucleotide biosynthesis [9] . Myc depletion results in decreased cellular dNTP levels. Ectopic expression of TS, IMPDH2 and PRPS2 partially rescues the proliferative defect caused by Myc depletion in tumor cells [51] .
In addition, Myc-induced glutaminolysis can provide cells with a robust way to produce the NAPDH required for de novo nucleotide biosynthesis [9] . This is especially important for tumor cells relying on the non-oxidative arm of the PPP for ribose 5-phosphate production. In these cells, the activity of G6PD is inhibited and the oxidative PPP cannot be used to produce NADPH to support macromolecular biosynthesis. Therefore, the ability of Myc to stimulate NADPH production through glutamine metabolism provides tumor cells with a compensatory mechanism to produce NADPH in order to support cell proliferation.
Conclusions
Transformed cells are metabolically reprogrammed to support cell growth and proliferation. It has long been known that tumor cells depend on de novo nucleotide synthesis to support increased RNA production and DNA replication. Furthermore, elevated nucleotide biosynthesis has been observed in many cancers. In this minireview, we review evidence that the ability to direct glucose and glutamine into de novo nucleotide synthesis depends on oncogenic activation of PI3K and Myc, respectively. Surprisingly though, the metabolic pathways for de novo nucleotide synthesis in cancer cells appear to be distinct from those used by quiescent cells. The intermediate steps in glucose and glutamine metabolism in cancer cells are affected by activation of cytoplasmic tyrosine kinases and HIF-1 dependent transcription. The effects of these oncogenes on the uptake and metabolism of glucose and glutamine is direct and results in the reprogramming of aerobic glycolysis and glutaminolysis. This review emphasizes how this anabolic transformation results in redirecting glucose and glutamine metabolites into de novo nucleotide biosynthesis. The preferential dependence of tumor cells on transketolase and transaldolase for ribose production, PK-M2 for controlling the level of glycolytic intermediates, and malic enzyme and isocitrate dehydrogenase for NADPH production [52, 53] , suggests that each of these enzymes may be potential targets for cancer therapy based on the tumor phenotype. Investigation of the possibilities is ongoing in a number of laboratories. ** of outstanding interest
* Ref 6 (DeBerardinis et al):
Using 13 C NMR spectroscopy to study the metabolism of glioblastoma cells, the authors demonstrated that a high rate of glutamine uptake and catabolism provided transformed cells with precursors and NAPDH for biosynthetic processes.
** Ref 9 (Wise et al):
The authors reported that Myc activated a transcriptional program which promotes glutamine uptake and catabolism in tumor cells, independent of the PI3K/Akt pathway. This Myc-dependent glutaminolysis resulted in the reprogramming of mitochondrial metabolism and addiction to glutamine for maintaining cellular viability.
** Ref 16 (Boros et al):
The article reported that A-459 lung epithelial carcinoma cells generated ribose 5-phosphate through the non-oxidative arm of the pentose phosphate pathway for de novo nucleotide biosynthesis. Transforming Growth Factor β2 (TGFβ2) promoted the activity of this pathway.
* Ref 32 (Christofk et al):
The authors provided evidence that phosphotyrosine signaling bound to PKM2 but not PKM1 and released F1,6BP from binding to PKM2, resulting in glycolytic intermediates entering biosynthetic pathways.
* Ref 41 (Lum et al):
The authors reported that HIF-1α inhibited cell proliferation and promoted cell viability by reprogramming glucose metabolism. The article also indicated that the induction of HIF-1α allowed cells to convert pyruvate to lactate to avoid producing high level of ROS by mitochondria.
* Ref 45 (Chesney et al):
The article reported that PFKFB3 was critical for maintaining cellular PRPP level for de novo nucleotide biosynthesis.
* Ref 50 (Liu et al):
Using chromatin immunoprecipitation (ChIP) coupled with pair-end ditag sequencing analysis (ChIP-PET), the authors identified many genes encoding key enzymes in the nucleotide biosynthetic pathway as direct Myc targets.
* Ref 51 (Mannava et al):
The authors demonstrated that Myc directly activated thymidylate synthase (TS), inosine monophosphate dehydrogenase 2 (IMPDH2) and phosphoribosyl pyrophosphate synthetase 2 (PRPS2) in human metastatic melanoma cell lines. By regulating these genes which encode enzymes critical for de novo nucleotide biosynthesis, Myc maintains cellular dNTP levels and promotes cell proliferation.
* Ref 52 (Parsons et al):
The authors identified isocitrate dehydrogenase 1 (IDH1) as one of the most frequently mutated genes in glioblastoma multiforme. IDH1 is localized in the cytoplasm and peroxisomes and catalyzes the oxidative decarboxylation of isocitrate to α-ketoglutarate, resulting in NADPH production. This reaction may serve as an important cytosolic source of NADPH. Regulation of glycolysis, glutaminolysis and de novo nucleotide biosynthesis in tumor cells. Oncogenic activation of the PI3K/Akt and Myc pathways promotes glucose and glutamine uptake and catabolism. Tumor cells obtain precursors (in pink rectangles) including ribose 5-phosphate, glycine, glutamine, aspartate and NADPH for de novo biosynthesis from glucose and glutamine metabolism. Increased glucose uptake and PFK-1 activity by the PI3K/Akt pathway, inactivation of PK-M2 by p-Tyr signaling, as well as HIF-1-induced TKT activation allows glycolytic intermediates to enter the non-oxidative PPP for ribose 5-phosphate production in tumor cells. Hatched lines indicate that the oxidative arm of PPP is not the main pathway for ribose 5-phosphate or NADPH production in tumor cells. Glutamine is converted to lactate if mitochondrial malate is exported into the cytoplasm and decarboxylated to produce pyruvate by malic enzyme (ME). The glutaminolysis pathway and the reaction catalyzed by cytosolic isocitrate dehydrogenase (ICD) may serve as the major sources of NADPH for de novo nucleotide biosynthesis in tumor cells [9, 52, 53] . In addition to its role in providing tumor cells with NADPH, Myc also directly regulates several genes encoding key enzymes in the purine and pyrimidine biosynthetic pathway. Abbreviations: P, phosphate; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; F1,6BP, fructose 1,6-bisphosphate; GA3P,
